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ABSTRACT: Simulations of excluded volume macromolecular chain encased in two interconnected cavities
reveal for weak confinement a strong preference for a conformation of macromolecule in one of the two
cavities. For a symmetric twin-cavity system, a conformational transition from the single cavity occupation
to the conformation bridging the two cavities is observed on increasing confinement of encased chain.
For asymmetric system of cavities with weak confinement the partitioning of chain segments between
the two cavities is governed by classical partitioning law in which partitioning free energy increases
linearly with chain length. On increasing chain length (or stronger confinement), a maximum in this
dependence is observed followed by a decrease. This behavior is explained by correlation between
increasing confinement and increasing concentration of encased chain. The position of the maximum
reflects an increasing hinderance of the macromolecule in the larger of the two cavities and the start of
the population of the bridging conformation as observed from the histogram of conformations. The structure
of coils in the twin cavity is reflected by typical structure factors S(q) of (1) the free excluded volume coil
for the weak confinement, (2) about the © coil for the moderate confinement, and (3) of the polymer
globule for strongly confined macromolecular chain exhibiting a break in S(q), appearing from the structure

of the twin cavity.

Introduction

Confinement of flexible macromolecules in small pores
is underlying effect in many processes such as separa-
tion of macromolecules in gel permeation chromatog-
raphy or gel electrophoresis. Essential feature in macro-
molecular confinement is a reduction of conformational
entropy of chains.! Motivation here, however, is inspired
more by biological applications such as macromolecular
translocation into or across biomembranes.?2 Other
examples are phage infection or translocation of proteins
across biomembranes. A similar mechanism is the
macromolecular transport in drug delivery or biotech-
nology of gene transfer. Though real systems are
complicated by biological factors a simple model of linear
chain translocation into or through pores can provide
useful insight into basic principles of effects included
in multitude of related applications.

Instead of concentrating on the recently studied
typical case of macromolecular translocation through
the membrane, we focus here on the equilibrium par-
titioning between two interconnected cavities. Recently,
this effect was experimentally tested by visualization
of single DNA molecules fully encased in a twin cavity.3
While this experiment allows for testing partitioning
principles on the single macromolecule in well charac-
terized and monodispersed pores, it allows also for the
testing of partitioning in the situation where the
partitioning principles were challenged by observed
deviation from typical partitioning laws. Linear increase
of conformation free energy AA vs N was observed only
for weak confinement, for stronger confinement a maxi-
mum appeared followed by a decrease.* This behavior
was explained by increased crowding or variable ex-
cluded volume.*~® Reported in the twin cavity is also a
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transition of the polymer conformation from single
cavity occupation to a bridging conformation for higher
crowding in cavities. For an encased chain in the twin
cavity, there exists an intimate interplay of confinement
and concentration. In contrast, for partitioning into the
confinement from a free solution, the concentration
effect on partitioning could be studied separately from
the effect of geometrical confinement.” Here, for the
macromolecule encased in the twin cavity, the confine-
ment and concentration are correlated. Recently, theo-
retical or simulation studies of translocation through
the membrane pore have appeared and are focused
especially on kinetics of translocation.8

As is often the case molecular simulations can bring
new light into complex effects mentioned above. With
this aim Monte Carlo molecular simulations are per-
formed here. Results up to now are obtained more on
ideal chains with no excluded volume. We evaluate
partition coefficient K for partitioning between intercon-
nected cavities and also the distribution of conforma-
tions to answer a question on the extent of chain
bridging of two cavities. We choose here the simulation
in continuum. With respect to lattice simulation we can
keep constant aperture between the two cavities (while
varying the size and distance of cavities) and also avoid
lattice artifacts on the surface of spherical cavities. We
present probably the first results for variable chain
rigidity in translocation, but the focus is here on flexible
chains.

The paper is organized as follows: First, the method
of simulation of the macromolecule in twin cavity is
described. Then for symmetric and asymmetric systems
of interconnected cavities a transition between single
cavity occupation and bridging conformation on increas-
ing confinement is described using a histogram of
conformations or the partition coefficient. The interplay
of confinement and concentration is analyzed for the
asymmetric system. Finally, the structure factor of the
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Figure 1. Schematic representation of polymer chain encased
in interconnected cavities.

chain in the twin cavity is discussed for different
confinements.

Method

For the sake of simulation efficiency and possible contact
with other similar studies we use a coarse-grained bead—
spring model in which each effective bond in chain is described
by finitely extensible nonlinear elastic potential (FENE).? Here
the bond length varies between lyin = 2/, — Imax and lax, where
l, is a preferred distance

D)= —kR*1 (l_l°)2
Uppxe() = —kR"In|1 — R

R = lnax — L, and k/EgT = 20 is a bond stiffness constant.
Typical distances are lmin = 0.4, [, = 0.7, and /ax = 1. Most of
simulations are performed for fully flexible chains; for semi-
flexible chains we used a bending potential'® between two
consecutive bonds

Uy/ksgT = b(1 — cosH)

where 6 is a complementary angle to a valence angle and b is
a bending parameter introducing the chain stiffness.

For the nonbonded interactions between effective monomeric

units, we used a Morse-type potential®

Uy(r)e = exp[—2a(r — rp;)] — 2 exp[—2a(r — rpp;)]

with parameters e¢/kgT = 1 and o = 24 and where the
minimum of the potential is at rmin = 0.8. This is a very short-
range potential. Interaction diminishes at 7 > 1 and the steep
wall of the potential for the closest distance of segments is at
=0.76. We will use this value for volumetric properties of the
chain. The core volume of the segment/monomeric unit is thus
given by a radius o = 0.76/2. The choice of interaction strength
€ introducing the excluded volume and used in all simulations
represents the good solvent condition; the ® state is located
at e/kgT ~ 1/0.62.° Sampling of conformations to obtain the
ensemble averages within the Monte Carlo scheme was
performed by chain reptation instead of small random dis-
placement of chain beads which is N times slower in relaxation
of chain conformations.

The geometry chosen to represent the confinement by two
pores in contact is formed by two interconnected spherical
cavities with radii D; and Ds and with a round connecting
aperture of a diameter W = 4—6, which is typically smaller
than the coil and larger than the chain segment, Figure 1. The
size of aperture characterizes interpenetration of cavities and
defines also a distance of two cavities. Centers of chain
segments are not allowed to move out of this geometry. Since
the volumes of cavities defined by the radii above restrict
centers of segments the actual wall of each cavity is at a larger
radius, D + o/2. This correction becomes important for
calculating volume properties such as concentration. Volumes
of two cavities are defined as partial spherical volumes on two
sides of the plane of aperture. This plane divides also chain
segments into two cavities in partitioning study. Partition
coefficient K is the ratio of concentrations of chain segments
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Figure 2. Probability of chain conformation having i seg-

ments in cavity 1 for the chain length N = 200 and the size of
cavities indicated in legend.

in cavities 1 and 2, K = ¢1/¢s. The extent of chain confinement
is expressed relative to the size of the larger (donor) cavity
D;.

Results

First data are collected for unconfined test chains that
will be subsequently inserted into the interconnected
cavities. A key parameter for partitioning is a confine-
ment, A = R,/D, and we present here the data on radius
of gyration R, of coils in the good solvent (e/kpT = 1).

Our data for chain lengths in the range of N = 40—
300 monomer beads (partly shown in Table 1) can be
well represented by scaling relations R,% = 0.08831N1215
and ¢* = 2.1 N-9823 which have exponents close to the
predicted values ¢5 and —%5 for good solvent. The
concentration of the first coil overlap ¢* is given as ¢*
= N(o/Rp).

The distribution of the macromolecular chain
in a two-cavity volume is plotted in Figure 2 in terms
of normalized probability P() of having i segments of
total N = 200 segments in the cavity 1. P(i), as for other
coil properties, is collected as an ensemble average
during the simulation. First we investigate the sym-
metric system with cavity sizes D1, = Dy = 5, 6, 8, 10,
and 20, for W = 6 and for flexible chains, b = 0. In this
case of symmetric distribution of probability the parti-
tion coefficient is K = 1. This, however, does not mean
that distribution of segments between cavities is homo-
geneous. A strong tendency to occupy only one of the
cavities to maximize the conformational entropy of the
chain is seen for a weaker confinement. Here, for D =
8, 10, and 20, the preferred conformation is the whole
coil in either of the two cavities (single cavity conforma-
tion). A transition to a bridging conformation (chain
located partly in both cavities) appears for the smaller
value of D around D = R, and signaled by increasing
probability in the middle range of translocation coordi-
nate i. On decrease of D, the chain does not fit anymore
into a single cavity. Hence for D = 5 and 6, the bridging
conformation is more favorable. At D = 6, the bridging
and the coil in single cavity conformations are ap-
proximately equally probable. However, we have only
two single cavity conformations ( = 0 and ; = N) but a
large number of bridging conformations with different
numbers of segments in both cavities and with similar
probabilities in the middle range of translocation vari-
able 7.

Respective histograms of the free energy distribution
AA@)/EsT of conformational states are obtained from the
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Figure 3. Free energy of chain in twin cavity for the states
in the previous figure. The solid curve shows a free energy
barrier for ideal chain translocation of planar membrane with
a hole.

probability P(i) by Boltzmann’s law transformation,
AA@)/kT = —In P(i), for states in Figure 2. We show in
Figure 3 that the difference between the bridging and
the coil in single cavity conformations is less than kT
for D = 6 (close to the transition) and for other D the
differences are up to (4—10)kgT, i.e. strongly in favor of
one of two limiting configurations, either the bridging
(for smaller D) or the single cavity occupation (for larger
D).

Free energy AA(i)/kgT for weak confinement in Figure
3 can be compared to translocation across a plane
through the hole,!1713 where chain on both sides of
membrane is relatively free. The behavior of chain in
cavities for D = 20, Figure 3, is very similar in shape to
the curve for translocation through a hole with relatively
flat distribution over the middle range of translocation
variable i and with a strong preference for the single
cavity occupancy of chain. From simulation we find a
strong dependence of free energy on i for ¢ close to 0 or
N (similar to the result of mean-field theory,!1-13 AA(7)/
kT = 0.5 In[i(N — )], for translocation of the ideal
chain) as well as a large difference between the two
limiting conformations, i.e. bridging and single cavity
occupation. The convex curvature in the middle of
translocation coordinate seen for weak confinement
already (D = 10) is in contrast with the concave
curvature for the translocation through a hole (or for
our results for larger cavities, D = 20) and means a
slight influence of confinement in both cavities with a
beginning of bridging formation. This behavior is ampli-
fied for smaller D. For strong confinement, a local
minimum in AA(Z) appears at i = N/2. The change of
one broad maximum in AA in the middle range of
translocation variable i for weak confinement into two
local maxima at small and large i for a stronger
confinement is observed here for the case of excluded
volume chains and increasing confinement. A similar
transition was recently described in confined systems
with increasing variable excluded volume.® Minimum
conformation free energy at i = N/2 means a stabiliza-
tion of bridging conformation and leads to a slow down
of the translocation process between cavities of compa-
rable size.%

Increasing chain rigidity (within the range of semi-
flexible but still coillike macromolecules) brings about
earlier development of bridging conformation for less
flexible chains in comparison to flexible chains. This
comparison is plotted in Figure 4 for two flexibilities
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Figure 4. Effect of increasing chain rigidity on population of
conformations for moderate and strong confinement, N = 200.

Table 1
N Ry ¢*
50 3.19 0.0659
100 4.89 0.0368
150 6.25 0.0263
200 7.41 0.0211

and for two confinements in the range where bridging
of cavities by chain operates. Increase of bridging for
stiffer chain can be explained by the increase of coil size
respective to that of flexible chain which at a constant
volume starts to penetrate partially also the other
cavity. Compare the coil size Ry = 10.02 for b = 3 and
N = 200 with the smaller value for flexible chain (b =
0) in Table 1.

“Weak” Confinement. By “weak” confinement we
mean here that the effect of crowding (concentration,
excluded volume) in two cavities can be neglected.
However, in terms of geometrical constraint on the
chain in cavities, the confinement can be moderate,
affecting considerably the coil conformation. This con-
finement free energy in a single cavity can be expressed!
as AA/RT = —In K = N D™V, (v = 0.588). From this
partitioning into a single confinement one can express
also a partitioning of polymer chain between two cavi-
ties of different sizes, which is the case to be investi-
gated here

K,=exp[—(const) N (D, —D,”™™)] (1)
We investigate the validity of the above expression
separately first as a dependence on N and then on D;,
Ds. This is because it is common in translocation studies
to investigate the dependence of partitioning on N. In
the first dependence, Figure 5, we plot the free energy
In K, vs N for cavities D; = 20, Dy = 10, and W = 6 in
the range of chain lengths NV = 1—200. In this range of
weak confinement, where the radii of both cavities are
larger than the radius of the largest chain used, we
observe a linear dependence as expected. In the second
plot, Figure 6, we investigate the partitioning depen-
dence of In K, vs N(D;~Y" — Dy~1) for the constant chain
length N = 100 and cavities in the range of D; = 10—
20 and D2 = 6—10 with constant aperture W = 6. This
results into a broad extent of partitioning between two
cavities in the range of K, = 1—42. Since this is also a
“weak” confinement we observe dependence according
to eq 1. A master plot of all data from both plots in
Figures 5 and 6 can be constructed (not shown) where
all data form a master plot (except 2—3 points for largest
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Figure 5. Partitioning free energy In K, vs N for cavities D;
= 20, D; = 10, W = 6, and the range of chain lengths N =
1-200.
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Figure 6. Partitioning free energy In K, vs N(D1~V* — Dy~ )
for the constant chain length NV = 100 and cavities in the range
of D; = 10—20 and D, = 6—10.

values of In K, in both dependences)according to eq 1
with const = 1.215.

Strong Confinement with Intervention of Crowd-
ing. At stronger confinement the partitioning behavior
between two cavities starts to deviate from eq 1. On
increase of IV, the initial increase seen in plot of In K vs
N is followed by a maximum and then a decrease, Figure
7. The maximum was explained by presence of excluded
volume, or crowding of segments.*% Since this is a
single chain problem the term concentration was avoided.
However, if the chain length of a macromolecule is
increased within the system of two small cavities
actually the concentration increases also; hence, we
introduce here the concentration dependence of K
directly even if we are concerned with a single chain.
The effect of concentration can be neglected in the above
example of weak confinement. However, as is known
for the partitioning from bulk polymer solution to pores
the increasing concentration in bulk solution drives
chains into pores and concentration in different pores
start to equalize.” For stronger confinement thus one
expects decrease of In K on increasing N instead of an
increase as for the weak confinement. Similar behavior
was observed earlier in partitioning in interconnected
cavities on increase of excluded volume in confined
chains.* % Here this example is illustrated by simulation
data for D1 = 6, De = 4, W = 4 and a range of excluded
volume chain lengths N = 10—200 shown in Figure 7.

Decomposition of the free energy of a macromolecule
in cavities into a confinement and a concentration effect
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Figure 7. Partitioning free energy (solid curve with squares
are MC data, dashed curve is the result of eq 1-3) and
corresponding reduced concentration in the larger cavity as a
function of chain length of encased macromolecule, N = 10—
200 and D; = 6, Dy = 4, W = 4.

proves to be useful here in a similar way as used for
the partitioning of macromolecules between bulk solu-
tion and a slit confinement.!* At equilibrium the chemi-
cal potential in cavity 1 and 2 are equal.

Auy(py) = As(dy) + kT In K, 2)

The free energy of macromolecule is affected by confine-
ment in each cavity and the second term on the rhs
collects this influence in both cavities into a difference
in confinement free energy as given by eq 1. Each of
two concentration dependent chemical potentials Au; of
the polymer is approximated by the expression of Flory,
used here for the condition of good solvent by omitting
the interaction term.

AufkpT =1n ¢, + (1 — ¢)(1 — M)
for cavitiesj =1, 2 (3)
for j=1, M=
for j=2, M=N—i

For shorter chains in the twin cavity (or larger cavities
equivalently), which represent a dilute solution, the
chemical potential in eq 2 is well approximated by the
first ideal term in eq 3. In this case eq 2 reduces to eq
1 and the free energy is given by relation! linear in N,
given solely by confinement difference in the two cavi-
ties. This behavior is seen in Figure 7 for N < 50.

To account for the whole concentration range we use
the approximate separation of confinement and concen-
tration effects as given by eq 2 and 3 and we ap-
proximate the confinement term in eq 2 by In K, =
0.0446N — 0.0609 (according to eq 1), which is obtained
from the linear fit of initial part (N < 50) of In K vs N
plot, Figure 7. It should be reminded here that the
original relation, eq 1, was derived for the strong
confinement and thus its validity for stronger confine-
ment, represented here by longer chains in given cavity,
is expected. Equation 2 is solved numerically. In con-
trast to partitioning of macromolecules from bulk solu-
tion to a single cavity, where the bulk solution serves
as a reservoir of chains, none of two concentrations in
two cavities here can be chosen initially. Equilibrium
concentrations in two cavities are established according
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Figure 8. Probability of conformations for the states defined

in Figure 7 along the increase of conformer population from
the single cavity occupation to the bridging conformation.

to the system of eqs 1—3 by the chain length NV and two
confinements as parameters. Hence, in addition a mass
balance in cavities, NV, = Vi¢1 + Vago, has to be taken
into account (Va,, Vi, Vo are volumes of the chain and
the cavities 1 and 2). Volume of the chain Vg, is
approximated in this system with continuous interaction
potential by the volume Nin(0/2)? of a cylinder of N
bonds of length / and radius 0. Resulting equilibrium
concentrations in two cavities define the partition
coefficient at nondilute solution, K = ¢1/¢9. K is different
from the ratio of number of chain segments in each
cavity or at each side of membrane (as sometimes used
in translocation) by a constant given by the ratio of
cavity volumes.

The maximum in the free energy vs N from simula-
tion results as seen from Figure 7 is reproduced by the
scheme of eq 1—3 about at the same position. The trend
for all chain lengths used is similar as well. In the same
figure, we plot also the reduced concentration in the
larger cavity. From the comparison of two curves it is
clear that for concentrations in larger cavity lower than
the coil overlap concentration, ¢1/¢* = 1, the equilibrium
follows closely eq 1. About at “overlap” concentration
(the coil just fits into a larger cavity), the maximum
appears, and at higher concentrations (stronger confine-
ment/longer chain), the preference of the chain for the
larger cavity starts to disappear with more extensive
penetration of chain segments also into the smaller
cavity. The approach based on eq 1-3 is a simple
approximation based on homogeneity of concentration
in cavities and model separation of confinement and
concentration. Nevertheless, it is clear that this simple
approach becomes useful concept for fully encased
chains at stronger confinement where the effect of
concentration cannot be neglected.

Histograms of chain distribution for the above case
with maximum in In K vs N, Figure 7, show further
details on the extent of chain propagation over two
cavities. From Figure 8, it is seen that a strong prefer-
ence for the whole chain to stay in one of the cavities is
similar to the symmetric distribution shown in Figure
2. Of course, in this asymmetric case, the preference is
much stronger for the larger cavity and on increasing
N is deepened. Shape of the probability distribution for
weak confinement corresponds to that shown for the free
energy of translocation through a membrane!!-13 for both
symmetric (seen in Figure 3 for D = 20) and asymmetric
(N < 60 here) cases: a strong preference for the
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nonbridging conformation (the whole coil is in cavity 1
or 2) and a proportional development between these two
cases. In our case the difference at two sides of aperture
is given by a difference in confinements in two cavities,
D, = D, instead of a general difference in chemical
potential between the two sides of membrane with a
hole. Bridging conformations are marginal for shorter
chains, N < 60. It was observed before that the
maximum corresponds to the size of the coil approxi-
mately equal to the size of the larger cavity.!® From our
results we see that the loss of linearity and the
maximum appears already for smaller coils. At stronger
confinements (N > 60), the bridging conformations start
to be populated considerably and this is effective over
and after the maximum, already at the decrease of In
K in Figure 7. A correspondence between histograms of
conformational probability P(i) and partition coefficient
K is expected since from the histogram we can obtain
the equilibrium number of segments 727 in cavity 1 and
from this also K.

=N ny Vy

A, = Y iPG), K = — (4)
£ N-#,V,

The bridging conformation is seen in increasing prob-
ability in the middle range of translocation coordinate
i. This is a characteristic difference between the trans-
location through a hole (where chains are less confined
at both sides of a membrane) and the translocation
between two cavities with stronger confinement. The
behavior of histograms respects the position of maxi-
mum in Figure 7. As seen for longer chains, N > 60,
the change of curvature in the middle of distribution
relative to shorter chains represents the increase of
population of bridging conformation in the twin cavity
due to the crowding effect.

Chain Structure in Cavities. To assess the struc-
ture of chains in the twin-cavity volume we estimated
also the single chain structure factor defined for isotro-
pic system as

1 .
S(q) = ]F Zf\i 1 zjzil sin (qr;)/qr; (5)

for three typical situations defined by the extent of
confinement. We used the wavenumber g = 25/x in the
range from macroscopic size x to about a monomer size
x; the largest g used (¢ = 4) represents approximately
the smallest distance x of about two bond lengths. The
log—log plots of S(q) vs ¢ are depicted in Figure 9.
Inserted lines next to the curves represent the slope of
theoretical scaling exponents in the Kratky regime for
the respective states described below.

The first example is for a weak confinement D; = 20,
Dy =10, and N = 175. Here the chain, though confined,
behaves as a free excluded volume chain with the
structure factor scaling as for the good solvent chain,
S(q) ~ ¢~17. The second example represents a moderate
confinement, D; = 6, Dy = 4, and N = 80, which is the
state about at maximum in Figure 7. Here the coil is
more compact than the free coil in good solvent; it feels
the confinement and resembles the coil of ® or ideal
chain with the corresponding scaling S(g) ~ ¢~2. The
third example represents a strong confinement and is
the structure of the longest confined chain in Figure 7,
Dy =6,Ds =4, N = 200. This coil is a strongly squeezed
chain in spherical confinement and resembles the
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Figure 9. Typical structure factors for coils in interconnected
cavities for weak, moderate and strong confinement. Param-
eters for these systems are listed in the text.

polymer globule on a larger scale, S(q) ~ ¢ 3. In
addition, this structure factor shows a break reflecting
the presence of chain in two different cavities. The
g-position of the break represents approximately the
size of smaller cavity or of the size of aperture.

Conclusions

Partitioning of macromolecules into micropores was
recently newly pioneered by a molecular experiment
with visualization of single DNA macromolecules en-
cased in two interconnected cavities. A molecular simu-
lation of the excluded volume chain in this situation was
performed here and was focused on the distribution of
conformations in the twin cavity and on the conforma-
tion transition appearing on the increase of confinement
from single cavity occupation to the conformation bridg-
ing two cavities. We show data for the existing theory
or its further development and present a simple concept
of interplay of confinement and concentration for macro-
molecules encased in the interconnected cavities.

Our simulation of excluded volume macromolecule
encased in two interconnected cavities reveal for broader
cavities a strong preference for the nonbridging confor-
mation observed from histograms of conformation free
energy.

For the case of the symmetric twin-cavity system a
conformation transition from single cavity occupation
to the conformation with bridging of two cavities is
observed on increasing confinement of encased chain.
This is signaled by transition of one broad maximum of
free energy in the midpoint of translocation into two
local maxima close to the weak and the full transloca-
tion.
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In the case of asymmetric system the partitioning of
chain between two cavities is governed by classical
partitioning law for weak confinement, In K, is linear
with N(D;=Y — Dy~"). For longer chains (stronger
confinement) a maximum followed by a decrease is
explained by a simple model of interplay between
increasing confinement and increasing concentration for
encased chain. The position of the maximum reflects
increasing hindrance of the macromolecule in the larger
cavity and the start of the population of a bridging
conformation, which is also observed from the histogram
of conformations.

The structure of coils in the twin cavity is reflected
by typical structure factors S(g) of the free expanded
coil for the weak confinement, about the © coil for the
moderate confinement and the polymer globule with a
break in S(q) (appearing from the structure of twin
cavity) for strongly confined macromolecular chain.
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